, is due to differences in sugar composition and arrangement of the remaining 0 unit (35).
Salmonella enterica and Yersinia pseudotuberculosis are the only examples in nature known to use a variety of 3,6-dideoxyhexose derivatives as 0 antigen constituents. To allow a comparison of the responsible biosynthetic genes of the two organisms, we have sequenced a section of the Y. pseudotuberculosis serogroup IIA rfb region that contained the genes for the abequose biosynthetic pathway. Comparison of the identified genes with the rib region of S. enterica LT2 showed that the two dideoxyhexose pathway gene clusters are related. The arrangement of the genes was largely conserved, and the G+C compositions of the two DNA regions were strikingly similar; however, the degree of conservation of nucleotide and protein sequences suggested that the two gene clusters have been evolving independently for considerable time. Hybridization experiments showed that the dideoxyhexose pathway genes are widespread throughout the various serogroups of Y. pseudotuberculosis.
3,6-Dideoxyhexoses (DDH) are a group of unusual, highly immunodominant monosaccharides found almost exclusively within the 0 antigen component of lipopolysaccharide (LPS). Of eight possible derivatives, only five have so far been found to occur naturally: four of them (abequose, paratose, tyvelose, and colitose) within strains of Salmonella enterica, and all five (including ascarylose) within strains of Yersinia pseudotuberculosis. Isolated Escherichia coli and Citrobacter strains are also known to contain DDH, although in these cases the repertoire is limited to the formation of colitose or abequose, respectively. Only in one situation, in the parasitic Parascaris worm, has a DDH (in this case ascarylose) been found outside LPS (25) . Within Y pseudotuberculosis, DDH are particularly widespread as 0 antigen constituents. The antigenic typing scheme of Y pseudotuberculosis has recently been revised (1) , suggesting the division into seven major serogroups (I to VII). This division largely reflects the distribution of DDH derivatives throughout the species: group I and III strains possess paratose, group II strains possess abequose, group IV strains possess tyvelose, group VA strains possess ascarylose, and group VI and VII strains possess colitose (20, 35) ; group VI strains additionally incorporate yersiniose, a DDHrelated sugar, into their LPS, while group VB strains contain 6-deoxy-L-altrose instead of a DDH. The assignment of strains containing similar DDH derivatives to different serogroups (e.g., I and III or VI and VII), as well as a further subdivision of some groups into subgroups (IA and -B; IIA, -B, and -C; IVA and -B; and VA and -B), is due to differences in sugar composition and arrangement of the remaining 0 unit (35) .
In both S. enterica and Y pseudotuberculosis, DDH are formed by the same biosynthetic-reaction sequences. Four DDH, abequose, tyvelose, paratose, and ascarylose, are synthesized by a common pathway proceeding from CDP-D-glucose ( Fig. 1) (28) ; the fifth, colitose, is derived from GDP-D-mannose presumably via a similar reaction sequence (11) . All enzymes involved in DDH biosynthesis in S. enterica are encoded within the rib gene cluster, which is * Corresponding author.
responsible for the formation of the O-specific subunit of the LPS (26) .
The rfb gene clusters of several DDH-containing S. enterica strains have been cloned and sequenced (7, 8, 17, 24, 45, 50) , and most of the DDH-related genes have been identified. In all cases investigated, the arrangement of the DDH pathway genes and their relative positions within the rib region are conserved: immediately downstream of the rhamnose pathway genes, a block of four highly conserved genes is found, comprising rfbF and rfbG as well as two open reading frames (ORFs), orf7.6 and orflO.4, which are thought to correspond to the postulated DDH pathway genes rflI and OJbH (8) . Abequose-forming strains of serogroups B and C2 (serovars typhimurium and muenchen, respectively) were shown to possess another gene, rfbJ, coding for abequose synthase, which is located adjacent to this highly conserved block; although secondary structure predictions indicated very similar proteins, DNA and amino acid sequences of the two rfbl genes had only low levels of similarity (only 36% identity at the amino acid level [8] ). In strains forming tyvelose and paratose (serovars typhi and paratyphi of serogroups D and A, respectively), the rfbJ gene was replaced by a paratose synthase gene, rUbS, and a tyvelose epimerase gene, rfbE (46) . The tyvelose epimerase gene in the paratose-producing group A strain, however, was found to be inactive because of a single point mutation.
While rfbS still showed a low degree of similarity to rfib at the DNA sequence level, no counterpart to rfbE was found in the rfb region of the abequose-producing strains of S. enterica. Sequence analysis revealed unusually low G+C contents for all rib regions investigated, suggesting a relatively recent transfer of the gene cluster to S. enterica from a nonenterobacterial donor with a low G+C content (8, 17, 22, 48) .
We have previously reported the cloning of the Y pseudotuberculosis serogroup IIA rib region (19 (51) .
DNA techniques. Plasmid DNA preparation, singlestranded DNA preparation for clones in M13 vectors, agarose gel electrophoresis, radioactive labelling of DNA, autoradiography, ligation, and bacterial transformation using CaCl2 were performed as described by Maniatis et al. (27) . Transformation of E. coli-derived plasmid DNA into S. enterica M6 could not be carried out directly because of restriction systems in the S. enterica host. E. coli-derived plasmid DNA was, therefore, first transformed into the restriction-negative S. enterica P9121; the plasmid isolated from this strain could then easily be introduced into M6. Propagation of M13KO7 and preparation of singlestranded DNA from pT7T3-derived deletion clones were carried out as described by the supplier, Pharmacia, or alternatively, by using the protocol of Blondel and Thillet (6) 10 .55) was sequenced. The Pvull-PvuII fragment (positions 2.7 to 9.7) was cloned into pT7T3 19U in both orientations with respect to the universal priming site; the two resulting plasmids were designated pPR1224 and pPR1225 and sequenced by using nested sets of deletions. Fragments 1 (SalI-PvuII; positions 0 to 2.7), 2 (SalI-HindIII; positions 0 to 2.45), 3 (HindIII-EcoRI; positions 2.45 to 4.05), and 4 (HindII-HindIII; positions 1.75 to 2.45) were cloned into M13mpl8 or M13mpl9 and sequenced by using single-stranded templates. Arrows denote the direction and the length of the sequence obtained from a clone; sections of the clones that have not been sequenced are indicated by thinner lines. Fragments S (PvuII-EcoRI; positions 9.7 to 11.2), 6 (HindlI-EcoRI; positions 9.8 to 11.2), 7 (Nde-EcoRI; positions 10.2 to 11.2), 8 (NsiI-PvuII; positions 10.55 to 9.7), 9 (NdeI-PvuII; positions 10.2 to 9.7), and 10 (HindII-PvuII; positions 9.8 to 9.7) were cloned into pUC18 and sequenced by using double-stranded templates to give the DNA sequence of the region from 9.7 to 10.55 kb. (C) Y pseudotuberculosis M85 (serogroup IIA) DDH pathway genes. Areas related to the S. enterica LT2 rib region are stippled. Areas related to S. enterica Ty2 only are hatched. DNA regions outside rib are indicated in black. Previous mutagenesis data indicated that the left-hand end of the M85 rib region was approximately between kilobase positions 35 and 37 of the original cosmid clone pPR981 (19) , which corresponds to kilobase positions 0 to 2 in the DNA sequence. Sequence analysis showed extensive noncoding DNA sequences upstream of orf0.8, indicating that the M85 rib cluster, in fact, begins with orfO.8. The scale (in kilobases) used in this figure is based on DNA sequence data, which do not include the DNA region from position 0 to position 1.75 of the plasmid map in panel A. (D) DNA fragments used as probes. All fragments were subcloned into pUC18, in most cases by using restriction sites identified from the DNA sequence. The plasmids are pPR1366 (PvuII-ScaI; 0.7 kb), pPR1367 (StyI-StyI; 0.7 kb), pPR1368 (DraI-DraI; 1 kb), pPR1369 (HindII-BalI; 1.3 kb), pPR1370 (NsiI-BalI; 0.9 kb), pPR1385 (HindII-ScaI; 0.8 kb), and pPR1386 (KpnI-PvuII; 0.6 kb). (E) The rib region of S. entenca LT2 (group B). Areas related to the Y pseudotuberculosis M85 rib region are stippled.
(F) The rib region of S. entenca Ty2 (group D). Only areas differing from S. enterica LT2 rfb are shown; the ribE gene homologous to the M85 orf6.3 is hatched.
the time of data preparation were used (kim-S, lcrD, icrE, icrF, lcrG, lcrH, lcrV, ompH, psaA, rplC, rpID, rplW, rplB, rpsS, yopA, yopE, yopH, and four unidentified ORFs). Accession codes of the DNA sequences are YEPKIM5A, YEPLCRD, YEPLCRGVHP, YEPOMPH, YEPORF, YEPPSAA, YEPRPLDWB, YEPTPA, YEPVPIB1, YEPY-OPA, YEPYOP5, YEPYOPH, and PD1THRMRP.
Construction of gene-specific DNA probes. Suitable restriction enzyme sites identified by DNA sequencing were used to subclone part of each of the M85 DDH pathway genes into pUC18 to yield plasmids pPR1366 to -1370, pPR1385, and pPR1386 (Fig. 2D) .
Immunological techniques. The presence of an antigenic epitope cross-reacting with 04 antiserum was determined by slide agglutination as described by Leinonen (23 
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(NsiI) relative to the pPR1197 restriction map ( Fig. 2A) were sequenced. The complete DNA sequence obtained is shown in Fig. 3 . Seven ORFs were found within this region; they were provisionally named orfO. 8 the Y pseudotuberculosis M85 DDH pathway genes" below); it was, therefore, renamed orf6.3 and, as it is probably not functional, is not included in the following general discussion of ORFs. All ORFs found were transcribed in the same direction, from orfO.8 towards orf7.4. Presumptive ATG start codons were found for most ORFs, but the far less frequent initiation codon TTG was also observed (orf7.4). orf3.7 and orf7.4 were preceded by Shine-Dalgarno sequences (SD) located within reasonable distances (9 and 11 bp, respectively) from the respective presumptive start sites (Fig. 3) . The DNA sequences preceding orfO.8, orfl.8, orf2.6, and orf5.1 showed only limited complementarity to the 3' end of the E. coli 16S rRNA; however, such sequences have been shown to be functional in some cases (43) . The exact initiation site of orf5.1 was not obvious: the only nucleotide sequence resembling an SD-like signal upstream of the first ATG start codon (located at position 5082 of the DNA sequence [ Fig. 3] ) was too far away (19 bp) to be likely to function, and the large distance (17 bp) of this sequence from the preceding stop codon would probably not allow reinitiation of ribosomal translation. Alternatively, codons ATA and CTG, located further upstream (positions 5064 and 5067, respectively), could be possible, although unlikely, sites for initiation of translation, as these codons have been shown to be functional in some rare cases (12) . Both codons are preceded by the same potential SD with optimal or near optimal spacing (9 and 12 bp, respectively [ Fig. 3] ). This putative SD also seems close enough (8 bp) to the stop codon of the preceding gene to allow ribosomal reinitiation. To facilitate gene and protein comparisons in this study, CTG was used arbitrarily as the initiation codon for orf5.1.
Apart from orf3.7, which terminates with a TGA codon, all complete ORFs were found to end with a TAA stop codon. There are extensive noncoding sequences preceding orfO.8 (597 bp) and orf6.3 (430 bp), possibly indicating regulatory independence of the two gene blocks thus separated (see also "Promoters" below). Shorter noncoding segments were found between all other genes (26 bp between orfO.8 and orfl.8, 4 bp between orfl.8 and orf2.6, 16 bp between orf2.6 and orf3.7, 24 bp between orf3.7 and orf5.1 [if CTG is the initiation codon]), and 31 bp between orf6.3 and orf7.4. Within the region comprising orfO.8 to orf5.1, SD signals and initiation codons are close enough to the preceding stop codons to allow ribosomal reinitiation; the 31-bp gap between orf6.3 and orf7.4, however, appears to be too large to permit this.
Identification of the Y. pseudotuberculosis M85 DDH pathway genes. The DNA sequences of several DDH pathway genes of S. entenca are known. These genes include rfbE (coding for CDP-glucose-l-phosphate cytidylyltransferase), rfbG (coding for CDP-glucose-4,6-dehydratase), rfbJ (encoding CDP-abequose synthase), rfE (encoding CDP-tyvelose epimerase), and rfbS (coding for CDP-paratose synthase [17, 50] ). These genes were found clustered in the central section of the S. enterica rfb region, together with two additional genes, orf7.6 and orflO.4, with so far unidentified functions ( Fig. 2E and F) . The presence of orf7.6 and orflO.4 exclusively in DDH-forming strains (8, 17, 22, 24, 48 ) strongly suggests their involvement in DDH formation, and they are, therefore, assumed to represent the so far unidentified genes rfbI (coding for CDP-6-deoxy-A3'4-glucoseen reductase) and rfbH (coding for CDP-4-keto-6-deoxy-D-glucose-3-dehydrase).
Comparison of the nucleotide sequences of the seven M85
ORFs with the S. enterica LT2 rfb gene cluster showed that the first block of five M85 ORFs, orfO.8, orfl.8, orf2.6, orf3.7, and orf5.1, possessed significant similarity to the CDP-abequose pathway genes orf7.6, rfbF, rfbG, orfl0.4, and rfbiJ, respectively (Fig. 2E) (17) ; also, orf7.4 of M85 and orfl2.8 of LT2 were related on the DNA sequence level. Only orf6.3 did not have a related equivalent within the LT2 rfb region; however, it was found to be similar to the rfbE gene of S. enterica Ty2 (DNA sequence identity values are given in Table 2 ). Because of the presence of this rfbE-like orf6.3 situated between orf5.1 and orf7.4, the overall arrangement of the sequenced M85 rfb genes resembles the situation observed with the tyvelose-forming S. enterica Ty2 more closely than that with the abequose-forming strain LT2 (Fig. 2C and F) . Alignment of the deduced amino acid sequences of the Y pseudotuberculosis M85 and S. enterica rfb genes showed similar or even stronger sequence conservation at the protein level than at the DNA level for orf0.8, orfl.8 (rflF), orf2.6 (rflG), orf3.7, and orf6.3; for orf5.1 and orf7.4, amino acid sequence identities to the respective S. enterica counterparts were considerably below the DNA sequence similarity levels ( Table 2 ). For Y pseudotuberculosis genes with clear structural or functional similarities to previously identified rfb genes of S. enterica, the terminology used for the S. entenca rfb cluster was adopted (Fig.   2C) .
The possibility that the protein encoded by orf5.1 is an abequose synthase was supported by the identification of a motif within the amino acid sequence resembling an NADbinding domain typical for abequose synthases (8, 50) and other NAD-linked dehydrogenases (34) , which consists of a P-barrel of six P-sheets connecting a-helices. A functional test confirmed that the orf5.1 gene product exhibits abequose synthase activity: transformation of orf5.1 (as pPR1370 [ Fig. 2D] ) into a paratose-forming S. enterica serovar dublin strain (M6) resulted in the expression of the abequose-specific 04 antigen by the transformant, confirming that orf5.1 is the rfb! gene of strain M85.
The N-terminal amino acid sequence of the rfbH gene product, CDP-4-keto-6-deoxy-D-glucose-3-dehydrase, from a Y pseudotuberculosis serogroup VA strain (49) was compared with the deduced polypeptide sequences of the M85 ORFs. It was found to be identical to the N-terminal portion of the orf3.7 gene product, indicating that orf3.7 is the rfbH gene of strain M85. We can, therefore, conclude that orfl0.4 of S. enterica LT2 is also an rflH gene, given its high similarity to orf3.7 (Table 3 ).
The N-terminal amino acid sequence of the ribI gene product CDP-6-deoxy-A34-glucoseen reductase from the same Y pseudotuberculosis group VA strain (14) was compared in a similar manner with the M85 ORFs and S. enterica LT2 rib genes; however, no match within either of the regions could be found. Only about 50% of the M85 rfb region has been analyzed in this study, and it is therefore possible that the M85 rfbI gene is located outside the DNA segment investigated. However, almost all ORFs of the S. enterica LT2 rfb region have been identified and allocated a function, and orf7.6 remains the only likely candidate for rfbI in this strain. The M85 orfO.8 is homologous to orf7.6 of LT2 and is, therefore, still the best candidate for rHbI in M85.
A feature common to all rfb gene clusters of S. enterica studied so far is the presence of a gene that encodes a highly hydrophobic polypeptide with 12 predicted membrane-spanning segments (orfl2.8 in strain LT2) (8, 17, 22, 24, 48) . The function of this protein is unknown; it may assist in the export of the 0 antigen to the cell periphery. The polypeptide encoded by orf7.4 in Y pseudotuberculosis M85 was also predicted to have 12 transmembrane segments, indicating similar physiological roles for the orfl2.8 and orf7. 4 proteins.
The initially identified orf6.8 (extending from sequence position 6755 to position 7372) was found to have significant similarity with the central part of the tyvelose epimerase gene rfbE of S. enterica Ty2 (serogroup D) (46 Relative position of the Y. pseudotuberculosis M85 rjb region on the chromosome. In E. coli and S. enterica, the rfb region has been shown to be closely linked to the gnd gene on the bacterial chromosome, which is immediately downstream of rib (4, 7, 17, 21, 48) , at approximately 44 min on the chromosome map of E. coli K-12 (2) homologous, and the order of the genes is conserved in the two species, indicating descent of the two clusters from a common ancestor. The large number of changes (25 to 54% of the nucleotide residues and 23 to 77% of the amino acid residues) observed indicates that the separation itself is an ancient one, and the presence of genes with different G+C contents suggests that this ancestral gene cluster was itself assembled from more than one source. Particularly, the P3 values for the genes with a G+C content of 0.3 suggest that the recent history of both clusters has been in low-G+C content species and that they were transferred independently to yersinias and salmonellas. We also draw attention to the facts that rfb shows the most divergence from its homolog in S. enterica and that there are two highly divergent forms of rflx within S. enterica. We have no simple explanation for the very high variation of rJ.
Distribution of DDH pathway genes within Y. pseudotuberculosis. A set of probes (pPR1366 to -1370, pPR1385, and pPR1386 [ Fig. 2D] ) specific for the M85 DDH pathway genes was used to test chromosomal DNA preparations of strains representative of the serogroups of Y pseudotuberculosis; the results are given in Table 4 . All strains, except those of serogroups VB and VII, were found to contain the complete set of genes for the common part of the DDH biosynthesis pathway (rflF, rflG, rfbH, and orfO.8, which is likely to be rfbI). Strains of serogroup VII produce colitose; the colitose pathway is not closely related to the abequose pathway, and, as expected, the group VII strains do not hybridize to the four genes of the common pathway. Strains of serogroup VI contain two 3,6-dideoxysugar derivatives in their 0 antigen, the hexose colitose and the octose yersiniose, a 3,6-dideoxy-4C-(l-hydroxyethyl)-D-Xylo-hexose (13) . It seems probable that the serogroup VI genes hybridizing to the M85 probes are involved in the formation of yersiniose; this would imply that yersiniose is formed via the same pathway as abequose, tyvelose, paratose, and ascarylose up to the common intermediate CDP-4-keto-3,6-dideoxy-D-glucose, from which the final product yersiniose could be made easily, e.g., by addition of pyruvate under decarboxylation.
Serogroup VB strains contained only orf0.8 and rfbF-like genes; these strains possess 6-deoxy-L-altrose as an immunodominant sugar but no DDH. It is not known how 6-deoxy-L-altrose is formed in vivo; the roles of the two genes orfO.8 and rfbF, if any, in the biosynthesis of this sugar therefore remain unknown.
orf6.3 equivalents, the like of the S. enterica Ty2 gene rffbE, were found within all other serogroup II strains (subgroups IIA, IIB, and IIC) tested as well as all tyveloseproducing strains (serogroup IV), which necessarily possess a tyvelose epimerase gene, rfbE. The significant homology of orf6.3 to group IV genes supports the idea that the nonfunctional orf6.3 once encoded an epimerase; however, a tyvelose epimerase would be redundant in an abequoseproducing strain. It remains speculative whether the inactive orf6.3 gene in abequose-forming Y pseudotuberculosis strains is a leftover of a tyvelose epimerase gene from times when DDH gene regions were assembled from various precursors and has since become superfluous in an abequose context or whether its functional ancestor was able to use CDP-abequose as a substrate to form a so far unreported sixth DDH derivative by epimerization at carbon 2.
No rfbE gene was found within any of the paratoseforming strains of Y pseudotuberculosis, indicating that the formation of paratose in these strains is an original trait, not a secondary effect of mutational inactivation of the rfbE gene, as shown for paratose-forming strains of S. enterica (46) . As in S. enterica, the final specificity for a particular DDH derivative appears to be based on the alternative presence of the respective synthase genes: only abequoseforming strains were found to possess the rhfb gene.
Overall, the genes of the common part of the DDH pathway were found to be almost ubiquitous within Y pseudotuberculosis. This widespread distribution supports the idea that the ability to form DDH is not a recently acquired trait for Y pseudotuberculosis but has been present in the species from an early point onward in its evolution. Further weight to this argument is added by the fact that Y pseudotuberculosis contains a variety of these rather unusual and rare sugars that is unsurpassed by that of any other organism.
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